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R487Plant Fertilization: Maximizing
Reproductive SuccessSperm competition does not occur in flowering plants as typically only a single
pair of sperm cells is delivered for double fertilization. Two recent reports show
that plants are capable of avoiding reproductive failure when defective sperm
cells are released.Thomas Dresselhaus*
and Stefanie Sprunck
In vertebrate and invertebrate species
millions of sperm cells compete for
fertilization with the ova or egg cell.
Usually the largest, longest, fastest and
physiologically most active sperm cells
win the race and defective sperm cells
are sorted out [1,2]. Sperm competition
thus represents a powerful selective
force to guarantee fertilization
and reproductive success. The
reproductive strategy of flowering
plants is different and involves
competition among growing pollen
tubes to enter one ovule and to deliver
their sperm cell cargo (Figure 1A). Each
pollen tube transports a pair of
immotile sperm cells towards the two
female gametes to execute double
fertilization [3], a characteristic trait of
flowering plants. The first pollen tube
that enters an ovule usually releases its
cargo and one sperm cell fuses with the
egg cell forming the embryo while the
second sperm cell fertilizes the central
cell to generate the endosperm.
Later-arriving pollen tubes do not enter
already targeted ovules. The risk of
reproductive failure is high in such
a system considering the possibility
that a functional pollen tube could
release sperm cells that are defective
in some aspect of fertilization,
such as gamete adhesion or fusion.
Considerable progress has been
made recently in understanding how
pollen tubes grow towards the ovule
and inside the embryo sac, which
represents the haploid female
gametophytic generation of flowering
plants and harbors the two female
gametes (the egg and central cell).
In addition to the female gametes,
accessory cells are formed at both
poles of the embryo sac [4]. In most
plant species two accessory synergid
cells are formed near themicropyle, the
ovule opening through which the pollen
tube enters (Figure 1A). It is now well
established that these glandular-like
cells secrete small polymorphicproteins that guide pollen tubes
and induce pollen-tube bursting in
a species-preferential manner [5–9].
During pollen tube perception the
receptive synergid cell degenerates
while the second (persisting) synergid
cell remains intact until the early stages
of seed development. However, further
pollen tubes are usually not attracted
and guided to the female gametes; on
the contrary, there is some evidence
that supernumerary pollen tubes are
actively repelled [10].
Until now it remained unclear, firstly,
when and how pollen tube repulsion is
exactly initiated, secondly, what role,
if any, does the second (persisting)
synergid cell play, and, thirdly, whether
ovules possess mechanisms to
maintain fertility once fertilization fails.
In theory, the fertilization rate of plants
generating functional pollen tubes but
defective sperm cells should be
reduced by at least 50%. Kasahara
et al. [11], as reported in this issue of
Current Biology, now show that fertility
is only reduced by 30–40% in various
mutants in which the sperm cells are
unable to fuse with female gametes.
These sperm cells lack either of the
male germline nuclear proteins
DUO1 [12] or DUO3 [13], or the
transmembrane gamete fusogen
HAP2-GCS1 [14]. Moreover, Kasahara
et al. [11] observed that, in contrast to
wild-type ovules, multiple pollen tubes
arrive at high frequencies in the
mutants, suggesting that the additional
pollen tubes may increase fertilization
rates. Detailed studies using
fluorescent sperm cells revealed that
functional sperm cells delivered by
second pollen tubes are capable of
fertilizing the female gametes that
failed to fuse with defective sperm
cells. This phenomenon was termed
a ‘fertilization recovery system’ and
is limited to the second pollen tube.
Kasahara et al. [11] conclude that
secondary pollen tubes are attracted
by the persisting synergid cell,
providing plants with a second chance
to execute fertilization and to avoidreproductive failure. This hypothesis is
further supported by their findings that
pollen tubes are no longer attracted
and guided after degeneration of the
persisting synergid cell. Excitingly, the
authors additionally discovered that
secondary pollen tubes are not
instantly attracted but rather attracted
after a delay of a couple of hours,
indicating that sperm cell delivery
by the first pollen tube induces an
immediate block to the attraction
of additional tubes which may be
repealed when double fertilization fails.
It remains to be shown if the blocking
system is based on a rapid degradation
of pollen tube attractants, or if pollen
tube attraction is temporarily
superimposed by repellent signals.
The duo1 [12] and hap2 [14] mutants
were also used by Beale et al. [15]
in a second, related study published
in this issue of Current Biology that
confirms the existence of a fertilization
recovery system. Using an elegant
pollination assay mixing two
differentially labeled populations
of pollen tubes they found that
‘polytubey’, a term coined by the
authors [15], occurs only at a rate
of about 1% when sperm cells are
functional. In competitive pollination
experiments with around one quarter
of pollen tubes transporting defective
sperm cells they observed an increase
of polytubey to 10% with up to three
additional sperm cell pairs released.
Staggered experiments applying
defective sperm cell-containing pollen
tubes first and wild-type pollen
afterwards showed even an increase to
23%, indicating that ovules are capable
of maximizing reproductive success
by overcoming the primary block to
polytubey. Beale et al. [15] conclude
that this block is triggered by
successful gamete fusion and thus
occurs later, as previously discussed
[3]. Moreover, they studied the timing
of disintegration of the persisting
synergid cell after release of functional
or defective sperm cells, respectively.
These studies provide the first
evidence that successful gamete
fusion is the trigger for the
degeneration of the persisting synergid
cell. Degeneration of this synergid cell
ultimately removes the source of the
pollen tube attraction molecules [9]
and thus represents a slow block to
polytubey and a further important
biological component of polyspermy
avoidance in plants [16]. Taken
Figure 1. Polytubey and fertilization recovery in Arabidopsis thaliana.
(A) Schematic of an Arabidopsis flower containing around 50 ovules. One ovule is enlarged.
After germination, growing pollen tubes compete with each other to reach one of the ovules
within the ovary. Each pollen tube transports two immotile sperm cells towards the female
gametes (egg cell and central cell) to execute double fertilization. (B) The first pollen tube
that enters an ovule bursts and releases its sperm cell pair inside the receptive synergid
cell. (C) Successful gamete fusion triggers a block to polytubey and degeneration of the per-
sisting synergid cell. (D) If defective sperm cells are delivered by the first pollen tube, addi-
tional pollen tubes are attracted to rescue fertilization failure. (CC, central cell; EC, egg cell;
PT, pollen tube; PSY, persisting synergid cell; RSY, receptive synergid cell; SC, sperm cells;
SY, synergid cell.)
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[11] and Beale et al. [15] imply that the
block to polytubey involves at least
two components: rapid pollen tube
repulsion (or rapid lack of pollen
tube attraction), followed by
fertilization-induced degeneration
of the persisting synergid cell. The
underlying molecular mechanisms
remain to be discovered; however,
nitric oxide (NO) and reactive oxygen
species (ROS) have been discussed as
potential repellent molecules [3]. NO,
for example, accumulates at the
micropylar region of the ovule and wasshown to negatively influence pollen
tube growth behavior [17,18]. We
suggest that the fertilized egg cell,
which along with the neighboring
synergid cells forms the egg apparatus,
orchestrates the block to polytubey
and synergid cell degeneration, as egg
cell signaling was also shown recently
to play the major role for embryo sac
cell specification before
fertilization [19].
The reports by Kasahara et al. [11]
and Beale et al. [15] show that the
cross-talk required to attract pollen
tubes towards ovules and to achievehigh fertilization efficiencies is even
more complex than previously thought.
It will now be exciting to identify the
responsible signaling components and
associated pathways. To evaluate the
overall biological significance of these
findings research on other flowering
plant species will be necessary and it
will be important to investigate at what
rates defective sperm cells occur in
nature. In summary, the findings by
Kasahara et al. [11] and Beale et al. [15]
are significant, as the authors not only
provide an explanation for the function
of the second synergid cell but
discovered a mechanism for how
flowering plants recover from
fertilization failure, and thus how they
can maximize fertility despite the lack
of sperm cell competition.
References
1. Parker, G.A., and Pizzari, T. (2010). Sperm
competition and ejaculate economics. Biol.
Rev. Camb. Philos. Soc. 85, 897–934.
2. Fitzpatrick, J.L., Montgomerie, R.,
Desjardins, J.K., Stiver, K.A., Kolm, N., and
Balshine, S. (2009). Female promiscuity
promotes the evolution of faster sperm in
cichlid fishes. Proc. Natl. Acad. Sci. USA 106,
1128–1132.
3. Palanivelu, R., and Tsukamoto, T. (2011).
Pathfinding in angiosperm reproduction:
pollen tube guidance by pistils ensures
successful double fertilization. WIREs Dev.
Biol. 10.1002/wdev.6.
4. Sprunck, S., and Gross-Hardt, R. (2011).
Nuclear behavior, cell polarity, and cell
specification in the female gametophyte.
Sex. Plant Reprod. 24, 123–136.
5. Ma´rton, M.L., Cordts, S., Broadhvest, J., and
Dresselhaus, T. (2005). Micropylar pollen tube
guidance by egg apparatus 1 of maize. Science
307, 573–576.
6. Okuda, S., Tsutsui, H., Shiina, K., Sprunck, S.,
Takeuchi, H., Yui, R., Kasahara, R.D.,
Hamamura, Y., Mizukami, A., Susaki, D., et al.
(2009). Defensin-like polypeptide LUREs are
pollen tube attractants secreted from synergid
cells. Nature 458, 357–361.
7. Amien, S., Kliwer, I., Ma´rton, M.L., Debener, T.,
Geiger, D., Becker, D., and Dresselhaus, T.
(2010). Defensin-like ZmES4 mediates pollen
tube burst in maize via opening of the
potassium channel KZM1. PLoS Biol. 8,
e1000388.
8. Ma´rton, M.L., Fastner, A., Uebler, S., and
Dresselhaus, T. (2012). Overcoming
hybridization barriers by the secretion of the
maize pollen tube attractant ZmEA1 from
Arabidopsis ovules. Curr. Biol. 22, doi:10.1016/
j.cub.2012.04.061.
9. Higashiyama, T., Yabe, S., Sasaki, N.,
Nishimura, Y., Miyagishima, S., Kuroiwa, H.,
and Kuroiwa, T. (2001). Pollen tube attraction
by the synergid cell. Science 293, 1480–1483.
10. Palanivelu, R., and Preuss, D. (2006). Distinct
short-range ovule signals attract or repel
Arabidopsis thaliana pollen tubes in vitro. BMC
Plant Biol. 6, 7.
11. Kasahara, R.D., Maruyama, D., Hamamura, Y.,
Sakakibara, T., Twell, D., and Higashiyama, T.
(2012). Fertilization recovery after defective
sperm cell release in Arabidopsis. Curr. Biol. 22,
1084–1089.
12. Borg, M., Brownfield, L., Khatab, H.,
Sidorova, A., Lingaya, M., and Twell, D. (2011).
The R2R3 MYB transcription factor DUO1
activates a male germline-specific regulon
essential for sperm cell differentiation in
Arabidopsis. Plant Cell 23, 534–549.
Dispatch
R48913. Brownfield, L., Hafidh, S., Durbarry, A.,
Khatab, H., Sidorova, A., Doerner, P., and
Twell, D. (2009). Arabidopsis DUO POLLEN3
is a key regulator of male germline
development and embryogenesis. Plant Cell 21,
1940–1956.
14. Wong, J.L., and Johnson, M.A. (2010). Is
HAP2-GCS1 an ancestral gamete fusogen?
Trends Cell Biol. 20, 134–141.
15. Beale, K.M., Leydon, A.R., and Johnson, M.A.
(2012). Gamete fusion is required to block
multiple pollen tubes from entering an
Arabidopsis ovule. Curr. Biol. 22, 1090–1094.16. Spielman, M., and Scott, R.J. (2008).
Polyspermy barriers in plants: from preventing
to promoting fertilization. Sex. Plant Reprod.
21, 53–65.
17. Prado, A.M., Colaco, R., Moreno, N., Silva, A.C.,
and Feijo, J.A. (2008). Targeting of pollen tubes
to ovules is dependent on nitric oxide (NO)
signaling. Mol. Plant 1, 703–714.
18. Prado, A.M., Porterfield, D.M., and Feijo, J.A.
(2004). Nitric oxide is involved in growth
regulation and re-orientation of pollen tubes.
Development 131, 2707–2714.
19. Vo¨lz, R., von Lyncker, L., Baumann, N.,
Dresselhaus, T., Sprunck, S., andGross-Hardt, R. (2012). LACHESIS-dependent
egg-cell signaling regulates the development of
female gametophytic cells. Development 139,
498–502.
Cell Biology and Plant Biochemistry,
Biochemie-Zentrum Regensburg, University
of Regensburg, Universita¨tsstraße 31,
93053 Regensburg, Germany.
*E-mail: thomas.dresselhaus@biologie.uni-r.de
DOI: 10.1016/j.cub.2012.04.048Nuclear Geometry: Mitotic Nucleus
Flares Out When ArrestedStudies of budding yeast arrested in mitosis outline a set of rules for nuclear
envelope expansion during closed nuclear division.Aleksandar Vjestica1,2
and Snezhana Oliferenko1,2,*
A membrane-bound nucleus enclosing
the genome and keeping transcription
and RNA processing apart from protein
synthesis endows eukaryotes with
exquisitely sophisticated gene
regulation networks and an
unparalleled level of control over
cellular physiology. The nuclear
envelope (NE) serves as a physical
boundary of the nucleus. It is
composed of two distinct lipid bilayers
fused at the nuclear pores, which
mediate nucleocytoplasmic transport.
The outer nuclear membrane is
continuous with the endoplasmic
reticulum (ER) while the inner nuclear
membrane contains a meshwork of
proteins that interact with chromatin
and contribute to NE structure and
function. Larger cells tend to have
larger nuclei [1] and the nuclear size
increases as cells grow, maintaining
a fixed ratio of nuclear to cell volume
(N/C) specific for each cell type [2,3].
Nuclei are often spherical but also
come in more complex shapes. The
nuclear geometry changes as cells
grow, divide and interact with their
environment.
The most pronounced changes
occur during mitosis when the NE
has to be restructured to form two
daughter nuclei. In the ‘open’ mitosis
widespread across higher eukaryotes,
the NE disperses altogether to be
reassembled around the segregated
daughter genomes. Curiously, manylower eukaryotes use a so-called
‘closed’ mitosis, where the mother
nucleus divides without ever
losing the nucleocytoplasmic
compartmentalization. Typically,
a spherical mother nucleus elongates
into a dumbbell shape eventually
resolving into two daughters. To enable
these transformations, cells must
expand the NE in amanner coordinated
with intranuclear mitotic spindle
elongation and chromosome
segregation. The source of membranes
for rapid NE growth, the membrane
entry point and just how the dividing
closed nuclear membrane is shaped
remain a mystery. In this issue of
Current Biology, Witkin et al. [4] report
that the NE proliferates in the budding
yeast Saccharomyces cerevisiae
arrested in early mitosis, prior to
nuclear division. Interestingly, the extra
NE folds into a large nuclear extension,
a flare, adjacent to the nucleolus.
The nucleolus ‘spills’ into the flare
and the nucleus assumes a bilobed
appearance (Figure 1). When
S. cerevisiae cells are allowed to
resume spindle elongation and
chromosome segregation, the flares
are absorbed by the divided daughter
nuclei that ultimately attain spherical
shape [4]. Although describing
a peculiar phenomenon induced by
mitotic arrest, this report undoubtedly
provides insights into nuclear
expansion mechanisms during normal
cell cycle progression.
In interphase, both nuclear volume
and nuclear surface area increase ascells grow. Importantly, an increase
in the NE surface area does not
automatically lead to a nucleus of
a larger volume. When ER membrane
biosynthesis is deregulated, the extra
membranes accumulate as membrane
protrusions without substantially
affecting the N/C ratio [5–7]. The
nuclear volume increase could be
driven by the nucleocytoplasmic
transport machinery [8] coordinated
with homeostatic membrane
partitioning within the endomembrane
system. On the contrary, in closed
mitosis the nuclear volume remains
fairly constant and the surface area
has to expand rapidly to accommodate
the formation of daughter nuclei.
The source of the extra membrane
is most certainly the ER and a body
of data suggests a burst of mitotic
phospholipid biosynthesis rather than
simple redistribution of pre-existing
membrane material within the ER–NE
system.
A prime candidate for regulating
mitotic membrane production is
the lipin family protein Pah1. Cells
lacking Pah1 or its activator Nem1/
Spo7 exhibit constitutive proliferation
of the nuclear and ER membranes
in interphase. Pah1 is a lipid
phosphatase, hydrolyzing
phosphatidic acid to diacylglycerol,
a key regulatory point for balancing the
production of structural versus storage
lipids [9]. Pah1 also represses the
transcription of key phospholipid
biosynthesis genes [10,11], and thus
the lack of Pah1 triggers an increase in
the levels of structural phospholipids.
Pah1 activity is subject to
post-translational regulation — two
cyclin-dependent kinases, Cdc28/
Cdk1 and Pho85–Pho80, were shown
to phosphorylate and inactivate Pah1
[12,13]. These modifications are
reversed by the membrane-localized
